INTRODUCTION
Hepatitis E virus (HEV), the aetiological agent of hepatitis E, is responsible for the majority of waterborne non-A, non-B hepatitis in humans. It is an important, enterically transmitted pathogen causing acute hepatitis, with a worldwide distribution of higher incidence in developing countries. The disease is more severe in pregnant women, which is reflected in a mortality rate reaching up to 25 %, compared with 0.5-4.0 % of men and non-pregnant women (Goens & Perdue, 2004; Khuroo & Kamili, 2003; Worm et al., 2002) .
HEV is a non-enveloped, positive-sense, single-stranded RNA virus with icosahedral symmetry. It belongs to the family Hepeviridae . The genome is 7.2 kb long and contains three open reading frames (ORFs) (Tam et al., 1991) . ORF1 is the longest ORF and is located at the 59 end of the genome. It encodes a non-structural polyprotein with domains showing conservation to a viral methyltransferase, a papain-like protease, a viral helicase and an RNA-dependent RNA polymerase (RdRp) (Koonin et al., 1992) . ORF2 encodes a capsid protein, and ORF3, which is the smallest ORF, encodes a cytoskeletonassociated phosphoprotein (Tam et al., 1991; Tyagi et al., 2002; Zafrullah et al., 1997) .
The first animal strain of HEV to be sequenced and characterized was isolated from swine in the USA (Meng et al., 1997) . Moreover, it was shown that this strain is also genetically related most closely to human strains of HEV in the USA (Schlauder et al., 1998) . In contrast to humans, the infection in swine is asymptomatic, although experimentally it can provoke hepatitis (Balayan et al., 1990; Clayson et al., 1995; Meng et al., 1997) . In the past years, numerous strains of HEV have been isolated from pigs in both developing and industrialized countries, and evidence that some other mammals are infected with antigenically similar viruses has accumulated (Goens & Perdue, 2004) . Finally, reports of direct zoonotic food-borne transmissions of HEV have been documented (Masuda et al., 2005; Tei et al., 2003; Yazaki et al., 2003) .
Big liver and spleen disease (BLS) in chickens was first recognized in Australia in 1980, and the causative agent, BLS virus (BLSV), was propagated in 1999 from diseased chickens (Payne et al., 1993 (Payne et al., , 1999 . In this period, it was considered the most economically significant disease affecting commercial breeder flocks in Australia, causing reduced egg production and a slight increase in mortality. Affected birds displayed hepatomegaly and splenomegaly (Handlinger & Williams, 1988) . Based on a single sequence of a very short genomic region, BLSV was found to be related to human HEV (Payne et al., 1999) .
Recently, avian HEV was isolated in the USA from chickens affected with hepatitis-splenomegaly syndrome (HS) (Haqshenas et al., 2001) . HS is a disease of layers and broiler breeders, characterized by increased mortality and reduced egg production, blood or blood-stained fluid in the abdomen and vasculitis and amyloidosis in the liver. It was first reported in 1991 in western Canada (Ritchie & Riddell, 1991) and subsequently in the USA (Riddell, 1997) . Like the single sequence from BLSV, avian HEV genomic sequences from the USA were found to be distantly related to human and swine HEV (Haqshenas et al., 2001) . Recently, the complete genomic sequences of two avian HEV strains, designated by the authors as 'prototype' and 'apparently avirulent', have been determined (Billam et al., 2007; Haqshenas et al., 2002; Huang et al., 2004) . The genome of both avian HEV strains is 6.6 kb long, which is approximately 600 bp shorter than the swine and human strains. Despite only about 50 % sequence identity to swine and human HEV strains, avian HEVs share the same genome organization and antigenic epitopes, indicating their classification in the family Hepeviridae.
Based on a very short genomic sequence within the helicase domain of the ORF1 region, BLSV and avian HEV were found to be genetically related (approx. 80 % identity) (Haqshenas et al., 2001) .
Here, we report the near-complete genomic sequences of an Australian isolate of chicken BLSV, named AaHEV, and an avian HEV isolate from Hungary, Europe (EaHEV). Genomic and phylogenetic analyses of these two strains were used to determine their relationship to other avian and mammalian HEV strains. Based on all these analyses, we propose that avian HEV is not composed of solely one genotype, but can be divided into at least three genotypes.
METHODS
Source material. The virus material for sequencing isolate EaHEV (05-5492) was obtained from the liver of a bird displaying hepatomegaly, splenomegaly and severe abdominal bleeding (Morrow et al., 2008) . The material for sequencing isolate AaHEV (06-561) was obtained from an FTA Classic Card with liver smears of birds experiencing symptoms of classical BLS, provided by P. Curtin (Goulburn, New South Wales, Australia) and A. Masters (Department of Agriculture and Food, Western Australia, Australia). Details about material of other Australian and European samples are given in Table  1 . All isolates in this paper were from birds demonstrating symptoms of HS.
Amplification of genome fragments and their cloning. Total RNA was isolated by the 'solution D' method (Chomczynski & Sacchi, 1987) with minor modifications. Briefly, 96 % ethanol was used instead of 2-propanol for both precipitation steps. The first precipitation was performed for 1 h at 280 uC and the second was performed overnight at 220 uC. Finally, RNA was dissolved in 20 ml TE buffer. Further concentration of viral RNA was done with a Dynabeads mRNA Purification kit (Invitrogen).
All RT-PCRs were performed with a OneStep RT-PCR kit (Qiagen) according to the manufacturer's instructions. The conditions for PCR were as follows: 50 uC (45 uC for products longer than 2 kb) for 30 min; 95 uC for 15 min; 40 cycles of 94 uC for 30 s, annealing temperature of 50-59 uC (depending on the primers used) for 30 s, 72 uC for 2 min (68 uC for 3 min for products longer than 2 kb); final elongation step at 72 uC (68 uC) for 10 min. Detailed information on primers used in this study is given in Supplementary Table S2 (available in JGV Online). A 39 rapid amplification of cDNA ends (RACE) procedure was carried out with primers Forw1_C-BLSV (59-GGTATGGTTGATTTTGCCATAAAG-39) and AP [59-GACTCGAGTCGACATCGA(T) 17 -39] and a OneStep RT-PCR kit (Qiagen), according to the manufacturer's instructions. PCR conditions were as described above with an annealing temperature of 55 uC.
The RT-PCR to amplify 280 bp capsid and 186 bp helicase sequences used primer pairs Forw1_C-BLSV (59-GGTATGGTTGATTTTGCCA TAAAG-39)/Rev1_C-BLSV (59-GCTGCNCGNARCAGTGTCGA-39) and helicaseF/helicaseR (Huang et al., 2002) , respectively. PCR conditions were as follows: 50 uC for 30 min; 95 uC for 15 min; 40 cycles of 94 uC for 30 s, annealing temperature 57 uC for 30 s, 72 uC for 1 min; final elongation step of 72 uC for 10 min.
PCR products of the correct size were purified from agarose gel by using a QIAquick Gel Extraction kit (Qiagen) and subsequently cloned into the pCR4-TOPO vector by using a TOPO TA Cloning kit for sequencing (Invitrogen), according to the manufacturer's instructions. Positive clones were sequenced by fluorescence-based sequencing using the M13 primer or specific internal primers. Each clone was sequenced in both directions.
Sequence analyses. Assembly and analyses of sequences, as well as nucleotide and amino acid alignments, were performed with the Accelrys Gene, version 2.5 (Accelrys), and Lasergene (DNASTAR Inc.) software. The consensus sequence for each clone was derived from at least three independent cDNA clones that originated from independent RT-PCRs. The near-complete sequences of EaHEV and AaHEV were deposited in GenBank under accession numbers AM943646 and AM943647, respectively. Sequences of the partial capsid and helicase region from different European and Australian isolates were also deposited in GenBank; accession numbers are listed in Table 1 . GenBank searches of EaHEV and AaHEV were carried out with BLASTN, BLASTP and specialized BLAST searches for conserved domains and conserved-domain architecture with default settings. Phylogenetic analysis of complete genomes was performed with the aid of the PHYLIP package, version 3.68 (Felsenstein, 1993) . The DNADIST program with the Jukes-Cantor distance parameter was used for determining phylogenetic distances. A phylogenetic tree was generated with the FITCH program, utilizing the neighbour-joining (NJ) distance method. The robustness of the tree was determined by bootstrap resampling of the multiple-sequence alignments (100 sets), utilizing programs SEQBOOT, DNADIST, NEIGHBOR and CONSENSE. The final tree was produced by FITCH, where the tree obtained by CONSENSE was implemented as the user tree. The final graphical output of the unrooted tree was generated by using the DRAWTREE program.
Phylogenetic analyses of the partial capsid and helicase region were performed with the Accelrys Gene version 2.5 and Lasergene software. Phylogenetic trees were generated by the NJ method as implemented in the Lasergene software. Robustness of the trees was determined by bootstrapping of multiple-sequence alignments (1000 sets). Primerbinding sites were excluded from sequences used in the analyses. Therefore, a 141 bp region of the helicase gene and a 237 bp region of the capsid gene were finally used. (Billam et al., 2007; Huang et al., 2004) . We performed analyses of protein sequences for conserved domains with all available avian HEV sequences and did not obtain similar results. This is probably because the most extensive deletions in the avian HEV genome happened within the papain-like protease domain and the adjacent hypervariable region (HVR) (Huang et al., 2004) . Nevertheless, one cannot completely exclude the possibility that avian HEV lacks this function, as conservation of the X domain is often found in association with (putative) viral papain-like proteases (Koonin et al., 1992) . ORF2 is 1821 nt long and encodes a putative capsid protein of 606 aa, whilst ORF3 comprises 264 nt and encodes a small protein of 87 aa. The 39-NCR of both isolates was determined by the 39 RACE procedure. Its length, excluding the poly(A) tail, is 123 nt in AaHEV, whilst that of EaHEV is 1 nt longer. Therefore, both avian HEV strains show a length of this region that is different from those in previously described avian HEV strains. Variation in the length of the 39-NCR was reported previously for two avian HEV isolates from the USA (USAaHEVs; Billam et al., 2007 ).
An interesting phenomenon was noticed during sequencing of EaHEV. Every fragment was amplified and sequenced at least three times; analysis of the sequencing runs of EaHEV demonstrated a frameshift mutation within some runs of ORF1 (shown in Supplementary Fig. S1 and Supplementary Table S1 , available in JGV Online). The frameshift mutation resulted in splitting of ORF1 into two
ORFs. Although the frameshift happened as a result of the deletion of a single adenine within a stretch of five adenines, which would suggest polymerase error during sample preparation or sequencing, the analysis of AaHEV sequencing fragments never gave this result. Furthermore, additional sequencing of several other Australian and European isolates demonstrated that the frameshift could only be detected in two more European isolates (shown in Supplementary Fig. S1 and Supplementary Table S1 ). As for other RNA viruses, the genetic variability of HEV is dependent on the absence of the proofreading activity of its RdRp and the misincorporation of nucleotides that accumulate at every replication cycle. The error rate of the RdRp of HEV is estimated to be 0.8610 23 substitutions per site year 21 (Tanaka et al., 2006) . A study that focused on intra-individual variation of HEV during an epidemic in Tanefdour, Algeria, demonstrated that several HEV variants can coexist within the same patient (Grandadam et al., 2004) . It is therefore possible that, in some cases of infection with avian HEV in Europe, like the Hungarian isolate reported here, the frameshift mutation could have happened during replication of the virus. This would result in a mix of two different pools of virus particles within a single animal.
Sequence analysis of ORF1 with the frameshift showed that the first part of ORF1, named ORF1a, encodes a protein of 337 aa that contains the viral methyltransferase domain. This domain is 82 aa shorter than the methyltransferase domains of other avian HEV strains (aa 26-338). Nevertheless, it contains all of the conserved motifs of putative viral methyltransferases (Koonin et al., 1992) , suggesting that the activity of this enzyme would probably not be compromised by the deletion. The second part of ORF1, ORF1b, encodes a polyprotein of 989 aa that contains the X (aa 82-216), viral helicase (aa 272-485) and RdRp (aa 538-982) domains. The interesting feature that arises from the frameshift mutation in ORF1 is that it would cause a complete deletion of the papain-like protease domain. As the liver sample containing the EaHEV strain was isolated from a bird that expressed pathological lesions with indication for HS, it is conceivable that this pathology was caused by the presence of virus particles without the frameshift. Whether virus particles with the frameshift mutation would cause similar lesions and, by that, question the real importance of the truncated papain-like protease domain in post-translational processing of the non-structural polyprotein, is unresolved. This could be answered by experimental infections using recombinant virus and would be the scope of another study.
Sequence comparison and identification of major genetic differences between avian HEV isolates
To determine more extensively the degree of relatedness between EaHEV, AaHEV and other known isolates of avian and mammalian HEV, nucleotide and predicted amino acid alignments were performed.
Comparison of the predicted amino acid sequences revealed major genetic differences among the avian HEV isolates. ORF1 of both EaHEV and AaHEV contained the majority of mutations compared with the prototype USAaHEV. In total, 58 non-silent mutations were observed for EaHEV and 54 for AaHEV, excluding the HVR. Even though numerous non-silent mutations are present throughout ORF1, only two mutations, one in EaHEV and the other in AaHEV, occurred in the conserved motifs of predicted domains. Both are located within the RdRp domain. The mutation in EaHEV is the T(1230)A transition located at the end of motif I (Koonin et al., 1992) . This threonine is also very well conserved among mammalian HEV isolates and its change to a non-polar alanine could potentially affect the function of the enzyme (Fig. 1a) . The second mutation happened in AaHEV and was a transition from I(1433) to T, located in motif VII (Koonin et al., 1992) . This mutation also makes a considerable change, as its position is well conserved among mammalian isolates by the presence of another non-polar amino acid, such as valine (Fig. 1b ). Whether these mutations potentially affect the activity of the polymerase, by modifying its processivity, remains to be determined. Nevertheless, it would be difficult to imagine that they compromise the replication of the virus, as both isolates were isolated from birds experiencing splenomegaly and big livers.
In the ORF2 region, eight non-silent mutations were determined for both isolates. Two identical mutations in both isolates were observed in the predicted signal-peptide region. Interestingly, one of these, C(4)R, was also shared with an apparently avirulent USAaHEV (Fig. 2) , actually creating the non-silent mutation in the prototype USAaHEV at position 4. Considering the origin of EaHEV and AaHEV, it is very unlikely that these mutations alter the signal-peptide function and, by that, interfere with co-translational translocation of the protein into the endoplasmatic reticulum.
Two unique non-silent mutations, one in EaHEV and the other in AaHEV, were observed in putative antigenic domain II of the capsid protein (Fig. 2) (Haqshenas et al., 2002) . The non-silent mutation of EaHEV, Q(473)M, lies outside the region that contains B-cell epitopes. In contrast to this mutation, the non-silent mutation of AaHEV, S(483)G, is located within the region that contains B-cell epitopes. Both mutations present a change of a polar to a non-polar residue that could create a disturbance in the region. Furthermore, this could, as a consequence, create potential new epitopes. Previous analysis of avian ORF2 revealed that, in contrast to other antigenic domains, antigenic domain II contains epitopes unique to avian HEV (Guo et al., 2006) . Recently, two neutralizing epitopes located within the C-terminal region were identified on the capsid protein of avian HEV (Zhou et al., 2008) . The same study also questioned the linearity of epitopes, as peptides that map to epitopes pUSAaHEV, prototype USAaHEV (AY535004); aavUSAaHEV, apparently avirulent USAaHEV (EF206691); Burma hHEV (M73218); India hHEV (X98292); Mexico hHEV (M74506); US1 hHEV (AF060668); US2 hHEV (AF060669); USA sHEV (AB082843); Japan hHEV (AP003430); Japan sHEV (AB073912); China hHEV (AJ272108).
were not recognized by the neutralizing monoclonal antibodies. More substantial evidence for the nonlinearity of epitopes was presented for the capsid protein of mammalian HEV (Emerson et al., 2006; Schofield et al., 2003; Zhou et al., 2004) . Both investigated isolates display several non-silent mutations within this region (Fig. 2) and some of them could, due to their nature, change the secondary structure of the epitopes. The sequence information from these two isolates could therefore improve the design of experiments aiming to localize neutralization epitopes and help the development of more potent serological tests for avian HEV.
Avian HEV was found to have three putative N-linked glycosylation sites within the ORF2 protein, represented by the Asn-X-Ser/Thr amino acid motif: 255 NLS (1), 510 NST (2) and 522 NGS (3) (Haqshenas et al., 2001) . Due to the non-silent mutation N(510)S in EaHEV, the second Nlinked glycosylation site is eliminated (Fig. 2) . Three Nlinked glycosylation sites, 137 NLS (1), 310 NLT (2) and 562 NLS (3), were also identified in mammalian HEV (Graff et al., 2008) . Recently, the amount of glycosylation of the capsid protein in mammalian HEV and its importance per se were questioned (Graff et al., 2008) . Therefore, more experiments are needed to determine the importance and occurrence of ORF2 protein glycosylation in both mammalian and avian HEV.
In the ORF3 region, 10 non-silent mutations were detected in EaHEV and three in AaHEV compared with the prototype USAaHEV. All three mutations in AaHEV are also present either in EaHEV and/or in the apparently avirulent USAaHEV. In EaHEV, considerably high numbers of non-silent mutations, in particular unique mutations, relative to the length of this protein (87 aa), make this isolate interesting for further studies that would enlighten the function of the ORF3 protein in avian HEV.
As both EaHEV and AaHEV originate from clinically sick birds, we assume that both isolates represent pathogenic strains. Many non-silent mutations present in EaHEV and AaHEV were shared among them and/or with the apparently avirulent USAaHEV. In total, 12 unique non-silent mutations were found in the complete genome of the apparently avirulent USAaHEV: seven in the ORF1 region (excluding the HVR), three in the capsid protein and two within ORF3. The most interesting mutation is R(600)K, located in putative antigenic domain IV of the capsid protein. Whether this mutation could be responsible for the apparently avirulent character of this strain has already been speculated (Billam et al., 2007) , as it is located in the antigenic domain of the capsid protein. Amino acid sequence alignment of capsid proteins from all four avian HEV strains with representatives of the four mammalian genotypes revealed that all mammalian HEV strains used in this alignment also have lysine in this position. Furthermore, both arginine and lysine are positively charged amino acids and their transition should not cause a major change in the folding of the protein. Nevertheless, one should keep in mind the work on mutational analyses of potential N-linked glycosylation motifs (Graff et al., 2008) , where changes from serine to threonine or vice versa, which should not abolish glycosylation, resulted in a lethal phenotype. In that work, it was shown that preservation of the exact amino acid sequence within specific regions of ORF2 is essential for the formation of infective virus particles. In addition, one should also not forget the high amino acid sequence conservation within the ORF2 protein that is observed among both mammalian and avian HEV.
The other unique non-silent mutations of the apparently avirulent USAaHEV were not located in any predicted motif or domain; therefore, it is much more difficult to speculate upon their importance. Anyhow, more infection experiments with recombinant infectious clones are needed to elucidate the consequences that specific mutations may have for the virulence of avian HEV isolates.
Phylogenetic analysis of avian HEV strains implies the existence of three avian HEV genotypes
The nucleic acid identity between AaHEV, EaHEV and USAaHEVs ranged between 82.1 and 82.8 % over the genome. In contrast, the USAaHEVs were related more closely and exhibited 90.1 % identity to each other (Table   2 ). Similar results were found when ORF1 and, to a lesser extent, ORF2 were analysed separately ( Table 2) . The nucleic acid identity of EaHEV and AaHEV compared with that of human and swine HEV strains was considerably lower, and ranged from 52.2 to 53.6 % over the genome (Table 2 ). The same result was observed previously with the USAaHEVs (Billam et al., 2007; Huang et al., 2004) .
The ORF3 gene generally seems to be more conserved; therefore, the differences among avian HEV isolates are much smaller. The nucleic acid identities among AaHEV, EaHEV and the USAaHEVs ranged between 93.6 and 95.5 %, whereas the identity between the USAaHEVs is 97.0 % ( Table 2) . The same phenomenon can be observed with mammalian isolates, where the identities between different genotypes are much higher than for other regions of the HEV genome.
Phylogenetic analysis of complete HEV genomes confirmed that avian HEV was related distantly to mammalian HEV and segregated to a distant branch, as already indicated by Huang et al. (2004) . Moreover, it demonstrated clearly that avian HEV could be divided into three different genotypes: genotype 1 (Australian isolate), genotype 2 (USA isolates) and genotype 3 (European isolate) (Fig. 3a) . In order to investigate this finding in more detail, we performed phylogenetic analysis of a partial capsid and helicase region by using sequences from different European and Australian isolates (Fig. 3b, c) . Again, the separation of sequences into three large clusters was observed. Distribution of avian HEV over three different genotypes corresponds to their geographical origin; the same feature can also be noticed with mammalian HEV genotypes. As the difference between mammalian and avian HEVs is much bigger than the difference within the four mammalian and three avian genotypes, we would like to propose that avian HEV, in contrast to mammalian HEV, represents a separate genus within the family Hepeviridae.
So far, HS caused by infection with avian HEV has only been reported in Canada and the USA (Agunos et al., 2006; Haqshenas et al., 2001; Huang et al., 2002) . In Australia and Europe, clinically similar disease pictures and the presence of hepevirus have been reported (Handlinger & Williams, 1988; Massi et al., 2005; Morrow et al., 2008; Todd et al., 1993) . However, at the molecular level, only a short sequence of the helicase domain in the ORF1 region created a link between possible aetiological agents of these two diseases (Haqshenas et al., 2001; Payne et al., 1999) . Here, by determining the near-complete genomic sequence, we show that the virus from BLS in Australia belongs to avian HEV. We also demonstrate that avian HEV is present in chickens in Europe, and report the nearcomplete genomic sequence of a European isolate. Phylogenetic analysis based on the full-length genomic sequences of nine mammalian, two avian and two nearcomplete avian HEV isolates confirmed that avian HEV belongs to a distinct branch, but it also showed that avian HEV could be separated into at least three different genotypes: genotype 1 (Australia), genotype 2 (USA) and genotype 3 (Europe). This was further supported by phylogenetic analysis of the partial capsid and helicase region using sequences from an additional four Australian and six European isolates. As the differences between mammalian and avian HEVs are much greater than differences within the mammalian and avian genotypes, it becomes clearer that avian HEV might not only represent another genotype, but could also form another genus within the family Hepeviridae. Table 2 . Percentage identities between mammalian and avian HEV in near-complete genome sequences and nucleotide/amino acid sequences of ORF1, ORF2 and ORF3 Numbers in parentheses indicate the HEV genotype of the given strain. GenBank accession numbers of strains: Burma, M73218; Mexico, M74506; USA, AF060668; China, AJ272108; pUSA, AY535004; aavUSA, EF206691. Nucleotide sequence identities are shown above and amino acid identities below the diagonal.
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Burma (1) Mexico (2) USA (3) China (4) aavUSA (2) pUSA (2) The availability of near-complete genomic sequences of two genetically different isolates of avian HEV broadens the information for construction of infectious recombinant avian HEV. In addition, our sequence studies support the hypothesis that chickens are very unlikely to be an animal reservoir for human infections, as already indicated by an infection experiment of rhesus monkeys with pUSAaHEV (Huang et al., 2004) . Information about isolates is given in Table 1. 
